The effects of the radical scavenger ascorbic acid on water radiolysis are studied by fast heavy-ion irradiation of aqueous solutions of ascorbic acid, using the liquid microjet technique under vacuum. To understand the reaction mechanisms of hydroxyl radicals in aqueous solutions, we directly measure secondary ions emitted from solutions with different 2 ascorbic acid concentrations. The yield of hydronium secondary ions is strongly influenced by the reaction between ascorbic acid and hydroxyl radicals. From analysis using a simple model considering chemical equilibria, we determine that the upper concentration limit of ascorbic acid with a radical scavenger effect is approximately 70 μM.
aqueous solutions.
The intermediate products are generated along the track of ionizing radiation, and the track structure (spatial distribution) depends on the type of radiation. This is known as the track effects, which are related to linear energy transfer (LET). For radiation with high LET such as high-energy heavy ions, a large amount of energy is deposited into the tracks, resulting in the formation of high concentrations of intermediate products. A variety of complicated relaxation processes then occur in the tracks during the physicochemical stage. For this reason, detailed behavior of free radicals formed in aqueous solutions by high-LET radiation is not fully understood.
The purpose of this work is to investigate the effects of radical scavengers on radiolysis of aqueous solutions by fast heavy-ion irradiation. We directly measure reaction products emitted from aqueous solutions containing radical scavengers using the vacuum liquid microjet technique combined with secondary ion mass spectrometry (SIMS) [2] [3] [4] . We use ascorbic acid (C 6 H 8 O 6 ) that readily reacts with OH· as a radical scavenger. A liquid target solution of ascorbic acid is irradiated by a microbeam of fast heavy ions (4.0-MeV C 2+ ions) produced using a beam-focusing method with a tapered glass microcapillary [5] . Secondary ions emitted from the liquid surfaces are mass-to-charge analyzed with a time-of-flight (TOF) spectrometer. In this investigation, we focus on the emission yield of H 3 O + ions that form in pairs with OH·, and its dependence on ascorbic acid concentration, providing fundamental information about radical scavenger reactions in the physicochemical stage. Figure 1 shows a schematic diagram of the experimental arrangement for TOF-SIMS measurement of liquid targets under vacuum by fast heavy-ion bombardments. The experimental procedures used were essentially the same as those described in our previous study [4] , except for the ion-microbeam method with a capillary. Experiments were performed using a 2.0-MV Pelletron-type tandem accelerator at the Quantum Science and Engineering Center, Kyoto University. An incident projectile beam of 4.0-MeV C 2+ ions was collimated by three sets of four-blade slits, and converted to a pulsed beam with a frequency of 40 kHz and width of 40 ns using an electrostatic beam-chopping system. The beam was directed into a tapered glass capillary with an outlet diameter (D 1 ) of approximately 11 μm, and focused to a spot size that matched the capillary outlet diameter. This is known as the capillary microbeam method [5] . The liquid target jet consisting of aqueous solutions of ascorbic acid was produced by effusion from a nozzle with an outlet diameter (D 2 ) of 24 μm at a flow rate of 0.4 mL/min using a liquid chromatography pump (Shimadzu, LC20-AD) into a collision chamber under vacuum. To maintain a high vacuum in the chamber, the jet of liquid was trapped in a liquid N 2 -cooled bottle located on the bottom of the chamber.
Experimental method
The ion microbeam was irradiated onto the jet target as shown in Fig. 1 (a) . Figure 1 (b) depicts a schematic diagram of the position of the irradiated beam on the target. The irradiation position was adjusted using linear-motion stages moving along the X, Y and Z axes.
To adjust the Z axis, we used a piezo-actuator stage to carefully change the distance (z) between the tip of the capillary and the liquid surface. The jet nozzle could be moved in the Y direction to control the irradiation position from the nozzle exit (y). In the present experiments, y and z were set to 1.0 mm and 40 μm, respectively. Making z as small as possible minimized the contribution of the irradiation beam to the vapor phase regions formed around the liquid jet. Moreover, to achieve irradiation conditions where ion beams are completely crossed with the liquid-phase regions of the jet, we monitored non-penetration of projectile ions through a jet target using a solid-state detector (SSD) located behind the jet.
Positively charged secondary ions emitted from the liquid surface were extracted perpendicularly to both the incident beam and target jet, and were mass-to-charge analyzed using a linear TOF mass spectrometer with double-stage extraction [6] . The applied electric fields in the first and second extraction regions were 0.4 and 2.0 kV/cm, respectively. After passing through a flight tube with a length L of 315 mm, the secondary ions were detected by a Channeltron detector. TOF spectra were recorded using a fast multichannel scaler (dwell time: 4 ns/channel, total number of channels per scan: 4096). To avoid neutralization of the secondary ions by collision with background gases produced from the jet, the spectrometer was equipped with a differential vacuum pumping system. The collision chamber and flight tube were separated by a small orifice with a diameter of 1.0 mm. During the operation of the liquid jet under vacuum, the base pressure was kept below 8×10 Pa in the flight tube of the spectrometer.
Aqueous solutions were prepared by mixing ascorbic acid (99.5% purity, Wako Pure Chemical Industries, Ltd.) and ultra-pure water (high-performance liquid chromatography grade, Wako Pure Chemical Industries, Ltd.). To achieve aqueous solutions of uniform concentration, the solutions were agitated continuously by a magnetic stirrer during the irradiation experiments. The solution concentrations ranged from 0 to 0.28 M. The errors for the concentration measurements were approximately 2%-10%, which were caused by uncertainty of the weight measurement of the ascorbic acid using an electronic scale and volume measurement of water using a measuring cylinder. This peak shift may be attributed to decrease of electric field in the extraction region of the TOF spectrometer. In Figure 3 , careful observation of the peak shift shows that its magnitude depends on ascorbic acid concentration. The vertical scale denotes the electric field acting to decelerate secondary ions, which is estimated from the flight-time delay corresponding to the peak shift. The upper horizontal scale denotes the pH corresponding to ascorbic acid concentration. The deceleration electric field increases with ascorbic acid concentration. The factor that the deceleration electric field produces may be related to ascorbic acid (C 6 H 8 O 6 ) being a weak electrolyte. In aqueous solution, ascorbic acid ionizes to form ascorbate ion,
Results and discussion
We propose the following mechanism for secondary ion emission from liquid surfaces, in which we assume that ion emission is influenced by the surface charge of liquid materials. In aqueous solutions, surface charge is induced when solvent molecules in solutions (cations and anions) are distributed on surfaces with different concentrations. As a consequence of this surface charge, the emission of positive secondary ions increases for a positively charged surface because of the high surface concentrations of solute cations caused by Coulomb repulsion between these ions and the surface. Conversely, the positive ion emission is suppressed for a negatively charged surface because of the higher surface concentrations of solute anions. Thus, the secondary ion emission is influenced by charge polarity on the surface.
The following two reactions occur in aqueous solutions of ascorbic acid during irradiation:
(1) acid dissociation of ascorbic acid, and (2) radical scavenger reaction of ascorbic acid. In reaction (1) (hereafter referred to as R1), the chemical equilibrium equation is given by
where the equilibrium constant , pK a1 , is 4.25 [7] . Reaction (2) (hereafter referred to as R2)
involves the reaction of two ascorbic acid molecules react with one OH· to produce one ascorbic acid ion (AsA − ) and one dehydroascorbate (DHA) molecule [8] :
where one ascorbic acid molecule reacts with OH· as an antioxidant. In this work, R2 is used as a scavenger reaction. The observed pH dependence indicates that: (1) there is an upper concentration limit of ascorbic acid that has a radical scavenger effect, and (2) 
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where K a1 is the equilibrium constant for R1, and [AsA] bulk is the concentration of AsA in the liquid bulk. As mentioned above, in R2, two AsA molecules react with one OH· to form one value is comparable with the concentration of ascorbic acid in the blood (about 60 to 200 μM) [10] . This indicates that the ascorbic acid concentration in blood is sufficient to react with the total amount of OH· produced under the present irradiation conditions when all components of the human body are assumed to be water. Moreover, according to Hata et al. [11] , ascorbic acid markedly lowered the yield of single-strand breaks of plasmid DNA irradiated by γ-rays to about 16% at an ascorbic acid concentration of 100 μM, and then gradually lowered the yield further to about 3% at an ascorbic acid concentration of 1000 μM. These results highlight the scavenger effect of ascorbic acid in a biological setting. From these comparisons, we conclude that the present results are useful for the study of scavenger effects observed in biological system.
Conclusion
We investigated the effects of a radical scavenger on radiolysis of aqueous solutions exposed to fast heavy-ion irradiation. Secondary ions emitted from aqueous solutions of ascorbic acid of different concentrations were measured using the vacuum liquid microjet technique. We 
